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Abstract  
A fuzzy model for predicting the shapes of rectangular bars with variable curvatures along their lengths 
in the extrusion system with rotary dies, whose mechanism has been developed by the authors, is 
proposed. In the fuzzy model, the height of the die aperture, the inclination angle of the die, the angular 
velocity of the rotary die and the distance between the predicted and the experimental central lines of the 
extruded bars, namely the error of the prediction, are used as the antecedent parameters, and furthermore 
a linear relation is assumed among the parameters and the curvature of the extruded bar. The shapes of the 
bars predicted by the proposed fuzzy model are compared with those obtained in the extrusion tests in 
order to evaluate the accuracy of the prediction. The distance between the predicted and the experimental 
central lines is confirmed to be less than 4.0 % of the height of the extruded bar for all of the experimental 
conditions. 
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1. Introduction                                      
The extrusion processes have been used for mass-production of straight bars and tubes with uniform 
cross-sectional shapes. The tubes of aluminum alloys are reshaped by additional forming processes such 
as bending, cutting and hydroforming after extrusion, and are often utilized for space frames and 
automobiles. Recently, new extrusion processes, in which the cross-sectional shapes of bars and tubes are 
varied along their lengths using movable dies and mandrels, have been put forward [1-5]. However, it is 
difficult to produce the successively curved space frames by the extrusion processes because the material 
flow cannot be changed during extrusion.  
The authors proposed an extrusion process for production of curved bars and tubes, in which a billet is 
extruded through a die aperture inclined at an arbitrary angle [6,7]. In the extrusion process, the curvature 
of the extruded bar or the tube can be continuously varied by changing the inclination angle of the die 
aperture.  
For producing complicatedly curved parts, an extrusion system with a rotary die, in which the velocity 
of the punch and the angular velocity of the die are controlled by a personal computer, is developed [8]. It 
is experimentally clarified that curved shapes of the parts depend on the combination of the velocity of 
the punch and the angular velocity of the die.  A method for predicting the curvatures of the extruded 
parts should be established for practical use of the extrusion system for the space frames.  
Fuzzy inference has frequently utilized to predict the flow stress [9], to control the blank holder force in 
deep drawing of plates [10], to determine the optimum bending and setting-up sequences in sheet metal 
forming [11], etc. and it is considered to be suitable to simplify the complicated bending characteristics 
influenced by many parameters and to estimate the distribution of the curvature.  
In this paper, a fuzzy model for estimating the distribution of curvature of the extruded bar along its 
length is proposed. The predicted shape of the extruded curved bar using the model is compared with the 
one obtained in the experiment, and the validity of the model is assessed. 
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2. Extrusion of successively bent product 
 
2.1 Extrusion system                                                      
The extrusion system with rotary dies, which was developed for producing complicatedly curved bars 
with rectangular cross-sections, is illustrated in Fig.1. The billet is extruded through the rotary die 
aperture formed by the sliding and the fixed dies, being attached to the rotary die holder, by the stem. The 
rotary die holder and the sliding dies are driven by the stepping motors controlled with a personal 
computer. In the extrusion process, curvatures of the rectangular bars are easily varied by adjusting the 
velocity of the stem, the angular velocity of the rotary die and the inclination angle of the die. 
 
 
Fig.1 Extrusion system with rotary die. 
 
 
2.2 Extrusion tests 
The curvature data of the bars extruded through the fixed and the rotated rectangular die apertures 
under various extrusive conditions are collected with the developed system. 
Square bars of 16 mm in height and width, which coincides with those of the hole of the fixed container, 
and 70－90 mm in length were employed as the billets in the extrusion tests. The billets were made of 
white colour clay whose flow curve was approximated to σ =0.45ε0.1MPa at the ambient temperature 
of 20˚ C. The container, the stem and the dies were produced from annealed carbon steel (JIS S45C).  
The billets were extruded at 30 mm/min on a universal testing machine (capacity of 1kN). The height 
of the die aperture, h/hc, (hc : the height of the square hole of the container exit (=20mm) ) was varied 
from 0.4 to 0.8. The width of the die aperture was fixed to 12 mm. The inclination angle of the die, ζ, 
was varied from 0˚  to 30˚  at an interval of 5˚  in the extrusion process with the fixed die aperture. In 
the extrusion process with the rotary die aperture the inclination angle of the die was successively varied 
from 5˚  to 15˚  with a constant rotational velocity of 0.33 and 0.5˚ /s. 
Soap dissolved in water was applied between the billet and the die or between the billet and the 
container as a lubricant. The extrusion tests were carried out at temperatures from 20 to 26˚C. 
 
3. Prediction of curved shape of bar using database 
 
3.1 Estimation of curvature of bar in fixed die extrusion κf
The relation between the curvature of the extruded bar, κf, and the inclination angle of 
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the die, ζ, obtained for various heights of die apertures, h/hc, is shown in Fig. 2. For estimating the 
curvature of the bar, κf, a fuzzy model was constructed by means of the method based on functional 
relations [12] from 35 data shown in the figure. 
 
 
 
 
Fig.2 Relation between curvature of extruded bar and inclination angle of die. 
 
 
In the fuzzy model two and four fuzzy variables were defined for antecedent parameters of h/hc and ζ 
respectively, and a linear relation was assumed among κf, h/hc and ζ in the output. The linear 
functions were decided with the weighted multiple linear regression method by minimizing the sum of 
squared error between the experimental and the calculated values of curvature for all the fuzzy rules in 
which the fuzzy variables selected for the antecedent parameters of h/hc and ζ were combined. The 
eight fuzzy if-then rules were employed for the prediction of κf. The effective fuzzy model was 
completed after repeating the trial and error procedure. The curvature of the bar estimated by using the 
model agrees well with that obtained from the extrusion tests, and thus, the values of κf calculated by 
the fuzzy model were used in the prediction of the central line of the extruded bar. 
 
3.2. Prediction of central line of extruded bar 
For predicting the shape of central line of the extruded bar using κf, the total time for rotating an angle 
ζ, varying from 5˚  to 15˚ , was divided into 400-600 time increments and the billet was extruded with 
the fixed inclination angle of the die for each time increment. In the calculating process the curvature of 
the central line was estimated by using the fuzzy model constructed for κf. The central line of the 
extruded bar was determined by connecting the increments of central line.  
The contours and central lines obtained by utilizing the fuzzy inference are compared with those 
measured in the extrusion tests in Fig. 3. In the figure the exits of the die apertures for ζ = 5˚  and 15
˚  are indicated by two straight lines, respectively. The inclination angle is varied in the region 
sandwiched between both exits. The calculated central lines of the bars disagree with the measured ones 
to some extent. 
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(a) h/hc=0.5                           (b) h/hc=0.6 
 
Fig.3 Comparison of predicted and measured shapes of bars for Vd=0.5°/s. 
The deviation of the central lines predicted with the fuzzy model from those measured in the extrusion 
tests is shown in Fig. 4. The deviation is defined by the ratio of the distance between both central lines to 
the height of the die aperture and is expressed by a negative value when the predicted curvature is larger 
than the measured one. The deviation increases as the height of the die aperture decreases. The maximum 
deviation of about 0.11 is observed at the height of the die aperture h/hc = 0.5. 
The results suggest that it is very important to take the effect of the die rotation on the material flow 
into account for estimating the curvature of the central line. 
 
 
 
  Fig.4 Deviation of central lines predicted with fuzzy model from those measured in 
extrusion tests. 
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4. Proposal of fuzzy model for curved shape 
 
4.1. Method for predicting variable curvature of extruded bar 
For predicting the curved shape of the bar accurately, the angular velocity of the rotary die, Vd, and the 
distance between the predicted and the experimental central lines of the extruded bars, namely the error of 
the prediction, Ec, were newly introduced as antecedent parameters and the consequent linear relation was 
assumed as: 
 
κ = ao+a1(h/hc)+a2ζ+a3Vd+a4Ec       (1) 
 
where κ is the curvature of the extruded bar and parameters ao, a1, a2, a3, a4 are constants. The 
curvature, κ, obtained by the equation (1) may deviate from the actual curvature of the extruded bar.  
For determining the parameters ao, a1, a2, a3, a4, the relation among κ, h/hc, ζ, Vd and Ec shown in 
Fig. 2 and 4 was used and furthermore the weighted multiple linear regression method, that is the same 
method used in chapter 3, was applied for all of the fuzzy rules in which the fuzzy variables selected for 
the antecedent parameters of h/hc, ζ, Vd and Ec were combined. 
  The determined membership functions and the fuzzy rules are shown in Fig. 5. Each parameter is 
divided into two or three subspaces expressed by the membership functions. 24 fuzzy rules are given by 
combination of the fuzzy variables for each parameter defined in the antecedent. 
 
 
(a) Membership functions 
 
 
 
(b) Fuzzy rules 
 
Fig.5 Membership functions and fuzzy rules proposed for estimating curvature of bar 
in extrusion with rotary die. 
 
4.2. Evaluation of proposed fuzzy model 
The central line was drawn using the curvature of the bar, κ, predicted with the proposed fuzzy model 
in section 4.1. The deviation of the predicted central line from that obtained by the extrusion test is shown 
in Fig. 6. The deviation is reduced within 4.0 % of the height of the extruded bar for all of the rotational 
velocities and heights of the die apertures. It was clarified that the shape of the extruded bar could be 
predicted fairly well with the proposed method. 
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Fig.6 Deviation of central lines predicted with proposed fuzzy model from those measured 
in the extrusion tests. 
 
5. Conclusion 
 
In this paper, a fuzzy model for predicting the variable curvature of extruded bars is proposed and the 
effectiveness of the model is evaluated by comparing the central lines of the rectangular bars calculated 
using the predicted curvatures with those obtained in extrusion tests. The results are summarized as 
follows: 
1. The central lines of the rectangular bars cannot be predicted with high accuracy by use of the 
curvatures, κf, estimated in the extrusion with the fixed die aperture. 
2. The fuzzy model with the additional antecedent parameters is proposed and the distance between the 
predicted and the experimental central lines is confirmed to be reduced within 4.0 % of the height of the 
extruded bar for all of the experimental conditions. 
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